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INTRODUCTION
The traditional approach to cancer drug discovery is to survey the natural world, either collect plant material or grow microorganisms, and determine whether any of the large number of compounds that is present has the ability to arrest the growth and proliferation of cancer cells. The newer approach is to use the tools of chemical synthesis to create large collections ("libraries") of organic molecules, with the hope that one or more of them will hold promise for the treatment of cancer. We propose to combine the traditional natural products-based and library-based approaches to cancer drug discovery into a single hybrid approach that incorporates the power of chemical synthesis and biocatalysis. We will use a combination of highly efficient chemistry and biocatalysis to prepare a library of small organic molecules whose structures are inspired by natural products known to be active against cancer. Thus, the primary objective of this project is to combine the two traditional paradigms for drug discovery into one, thereby enabling a more effective and efficient route to the advent of new chemotherapeutics against breast cancer.
BODY
Research accomplishments are presented below in connection with each task outlined in the original Statement of Work. Previous progress on Tasks 1-3 is described in last year's annual report.
Task #2, #4, #6, and #8
Using a novel 3D cell culture chip developed in the Clark lab in collaboration with the Dordick lab at Renssalaer Polytechnic Institute (RPI), we screened cyclopentenone libraries for cytotoxicity against the breast cancer cell line MCF7. 30 and 60 nL collagen drops containing MCF7 cells were printed on a glass slide using a microarrayer, and each slide was stamped with a corresponding drug slide of 30 nL collagen drops containing 200 μM of each cyclopentenone. The MCF7 cells were exposed to the cyclopentenones for 6 hours and were stained with a live/dead cell staining kit, and visualized with fluorescence microscopy. Using this cytotoxicity screen, we were able to identify compounds that were highly toxic to cancerous cells. Namely, compounds 18, 54, 58, 59, 63, 64, 65, 76, 82, 87, 104, 105, 107, [112] [113] [114] [115] [116] [122] [123] [124] , and 130 were all highly toxic to the cancer cells, with a live cell percentage of 10% or less (Figure 1 ). Figure 2 shows the cytotoxicity assay results for compounds 1 though 31. Complete cytotoxicity data with MCF7 cells for cyclopentenones 1 though 133 can be found in the Appendix (A1).
The toxicity of cyclopentenones 18, 58, 59, 61, 63, 64, 65, and 76 were investigated further by screening against both MCF7 and HMEC (normal breast) cells in two dilutions, 1:100 and 1:10,000. Cells were seeded at 0.3 x 10 6 /mL and exposed to the compounds for 6 hours. Cell viability was measured using the MTT assay. Figure 3 shows at the higher concentration (1:100 dilution) nearly all compounds were equally toxic to both normal and cancerous cells. However at a lower concentration (1:10,000), many of the compounds were more toxic to HMEC's than MCF7 cells (e.g. 63, 65, and 76) . Although the cause of this difference in cytotoxicity is not known, further studies on the mechanism of toxicity of these compounds may help elucidate the higher tolerance of the MCF7's to these cyclopentenones, and possibly provide clues on how to develop analogs that are more potent and selective toward the cancerous cells. It is not immediately clear why there is a selective toxicity to HMEC cells for certain cyclopentenones; however, comparing the structures of toxic and nontoxic compounds from the first MCF7 screening data ( Figure 2 ) for compounds 1 though 130 (see Appendix A1) has allowed us to make some observations about functional groups that impart greater cytotoxicity to MCF7 cells. . Surprisingly, striking differences in cytotoxicity towards MCF7 cells were observed for compounds that varied in either only one or several functional groups.
Figure 2.
Cytotoxicity assay results for cyclopentenones 1 through 31 using the 3D Cell Culture Chip and MCF7 cells (Compound missing: 28) . Inset of microarray shows images of five replicates of 30-nL cell spots after exposure to cyclopentenones. Cells were exposed to 200 μM of cyclopentenones for 6 hours and then stained with a live/dead staining kit.
Compounds 63 and 66, for example (Table 1) , differ by one nitro group on the aryl ring of 63, yet the addition of this nitro group decreases the cell viability from 98% (for 66) to 2% (for 63). In general, the addition of hydrophobic groups such as methyls, ethyls, and long chain alkanes rendered compounds more cytotoxic to the cancer cells. The addition of alkene functional groups also rendered the compounds more cytotoxic. Although the exact mechanism of toxicity is unknown for these compounds, the increased toxicity due to the presence of alkene groups suggests that toxicity is imparted by inhibiting crucial enzymes in the cell via a Michael addition. The presence of additional rings such as cyclooctane and phenyls completely eliminated cell viability in some cases. Figure 4 shows the results for cyclopentenones 65 and 76. Based on the results in Figure 4 and the results for cyclopentenones 58, 87, 104, 115, 122, and 130 (found 58, 61, 63, 64, and 109 . Cytotoxic compounds were compared to a similar less toxic compound differing in one or more functional groups. Compounds were screened against MCF7 cells. The structural differences highlight the types of functional groups that were found to increase cytoxicity. Initial approaches to amplify the cyclopentenone library used a bacterial P450, P450 BM3, to introduce hydroxyls at non-activated carbon centers. Unlike mammalian P450s, BM3 is a soluble protein and contains both the heme domain and the flavin mononucleotide domain in the same protein. These characteristics, combined with the fact that BM3 has very high turnover rates, made it an attractive candidate for performing oxidations on the cyclopentenone libraries. Furthermore, recent mutagenesis work has shown that the substrate specificity of BM3 can be altered through directed evolution to hydroxylate non-natural substrates, such as polycyclic aromatic hydrocarbons, alkanes, cycloalkanes, arenes, and heteroarenes. In order to use P450 BM3 for bioamplification of the cyclopentenones, BM3 was expressed in E. coli and purified using anion exchange chromatography on DEAE anion exchange resin.
Initially, a cosolvent system using acetone and isopropanol in a potassium phosphate buffer was used to perform reactions with BM3 on a set of cyclopentenones (21, 59, 134, 135, 136 , and 137) ( Figure 5 ). Cosolvent conditions were limited to 5, 10, and 15% organic solvent. Reactions were carried out for 24 hours and analyzed by HPLC using a C-18 column. However, the limited solubility of these compounds in a cosolvent system ultimately made HPLC analysis of these reactions difficult and we were unable to confirm the presence of any products. Figure 5 . Cyclopentenones (59, 21, 134, 135, 136 , and 137) used in initial cosolvent reactions with P450 BM3.
In order to alleviate these problems with solubility, we turned to a two-phase reaction system to hydroxylate hydrophobic cyclopentenones using cytochrome P450s. Initial endpoint assays using palmitic acid as a substrate showed that P450 BM3 retained 75% of its activity (compared to an aqueous reaction) when used in a two-phase reaction system consisting of aqueous potassium phosphate buffer (pH 7.8) and hexane with 4.8 % (w/v) AOT. We therefore have established a precedent for P450 BM3 activity in a two phase reaction system with AOT and this can be exploited in future two-phase reaction schemes using P450 BM3 and cyclopentenones.
Previous work in our lab has shown that two-phase reactions with another bacterial P450, P450 CAM , show a marked activation over aqueous reactions when using hydrophobic substrates.
Task #3 and #7

Developing two-phase and nonaqueous reaction systems for P450-catalyzed transformations
As stated above and in the previous progress report, our initial efforts to create a generation of library products using P450s were hindered by the low water solubility of many of the cyclopentenones. Initially, two different two-phase systems were studied with the aim of increasing substrate availability to the P450 enzymes. Recently, our work has focused on surfactant-stabilized two-phase emulsions where the organic phase of the emulsion acts a substrate reservoir, increasing the amount of substrate available for transformation beyond its solubility limit in water. Also, the tunability of each phase of the emulsion is an added advantage, and properties could potentially be optimized for combinations of individual substrates and oxidative enzymes.
As a first step, two-phase emulsion reaction conditions were optimized for the well-studied three-protein bacterial monooxygenase, P450cam, originally isolated from Pseudomonas putida. P450cam is water soluble and requires three proteins for electron transfer and catalytic activity: putidaredoxin reductase (PdR), putidaredoxin (PdX), and cytochrome-m (Cyt-m). We chose to study the oxidation of camphor to hydroxycamphor (Scheme 1) because it is the natural reaction for P450cam and there was only one known reaction product. Preliminary end-point assays were conducted to optimize solvent and agitation conditions for the model reaction in hexane/water emulsions. P450cam was stable and retained 80% of its relative activity after 1 hr incubation in the hexane/water emulsion at agitation speeds of less than 250 rpm. The optimal ratio of the three P450cam enzymes was 1:10:2, PdR:PdX:Cyt-m, and that the volumetric ratio of the two phases did not significantly effect the conversion of the reaction. All subsequent assays were carried out at the optimal protein ratio, a 1:1 ratio of organic and aqueous phases, and 250 rpm.
The oxidation of camphor to hydroxycamphor is 100% coupled with NADH oxidation, allowing for a direct correlation of NADH oxidation and P450cam activity. For aqueous reactions, the rate of NADH oxidation was measured spectrophotometrically at 340 nm, normalized by the concentration of the catalytic enzyme (cyt-m) and reported in Figure 6 as the initial rate of P450cam. As a comparison, the initial rate of P450cam in two-phase emulsions without surfactant is also shown in Figure 6 . The normalized rate is plotted against the initial camphor concentration in the aqueous phase of the two-phase emulsions, calculated from the measured partition coefficient of camphor between hexane and water phases at equilibrium (K hw, = 106).
.
The initial rate of P450cam in the two-phase emulsion increased linearly with increasing camphor concentration and was greater than in aqueous conditions for all initial camphor concentrations. The greatest difference in initial rate (4.5-fold) was between two-phase emulsion reactions initially containing 47.5 mM camphor in the organic phase (470 μm in the aqueous phase) and reactions in aqueous buffer initially containing 250-500 μM camphor. The addition of Bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) to the organic phase created more stable emulsions and prevented P450 denaturation under strong vortexing conditions. Figure 7 shows the depletion of camphor over time for emulsions initially containing 2 mM camphor and varying concentrations of AOT in the organic phase. The initial rate increased up to 2.6 fold with the addition of 4.8 wt% AOT, but additional AOT did not improve initial rate. Reactions with higher surfactant concentrations terminated more quickly, but higher initial rates resulted in higher product yields. Figure 8 shows the 30-minute end point concentrations of hydroxycamphor for emulsions initially containing 2-50 mM camphor and either zero or 4.8 wt% AOT. Increasing the camphor concentration and adding AOT to the emulsions increased product concentration in the organic phase.
The addition of surfactant increased the yield for all substrate concentrations. A maximum of 17 mM of hydroxycamphor was produced in an emulsion containing AOT and a substrate concentration of 50 mM.
Although
higher product concentrations were achieved by increasing the substrate concentration, the percent yields decreased from 55% to 34 % over the range of camphor concentrations assayed.
Interestingly, unlike reactions in aqueous buffer containing a maximum of 1.2 mM camphor, the reactions in the two-phase emulsions ( Fig. 7 and 8 ) did not exhibit 100% coupling of NADH oxidation and product formation. The amount of NADH left in the aqueous phase was always less than the amount of remaining substrate. Low product yields and apparent uncoupling of the model reaction led us to investigate the possibility of product inhibition.
We discovered that hydroxycamphor inhibits P450cam through competitive inhibition and that hydroxycamphor can be further oxidized to 2,5-diketocamphane by P450cam (Scheme 2). This previously undocumented reaction indicates that P450s, the bacterial P450cam in particular, may have the ability to not only hydroxylate cyclopentenones, but also further oxidize the hydroxylation product, potentially creating an even larger library of oxidized products. Often, non-natural substrates of P450cam promote the uncoupling of NADH oxidation and product formation. We determined that on average 68% of the electrons transferred to P450cam when hydroxycamphor is bound to Cyt-m result in the formation of hydrogen peroxide. slower reaction rate and 68% uncoupling, in combination with a low camphor concentration relative to that of the hydroxycamphor in the aqueous phase, explains the premature reaction termination shown in Figure 7 , as well as the low yields in Figure 8 . Yeast alcohol dehyrdogenase (YADH) was thus added to regenerate NADH, prolonging the catalytic life of the reaction and increasing the product yields. Figure  9 plots the camphor, hydroxycamphor and 2,5-diketocamphane concentrations at various time points for emulsions initially containing 100 mM camphor, 5 mM NADH, P450cam (2 μM cyt-m, 10 μM PdX, and 1 μM PdR), and 100 μM YADH. The final concentration of camphor left in the emulsion was 49.0 mM, and the addition of the regeneration system allowed for a significant amount of 2,5-diketocamphane to be formed.
Similar to the reactions without YADH, the depletion of camphor stopped prior to reaching complete conversion. The reaction termination was due to the lack of electron equivalents available from NADH. We found that the hydrogen peroxide formed by the uncoupling of the P450 inhibits the activity of YADH. Because uncoupling is possible with future reactions involving cyclopentenones, we are in the process of studying the effect of adding another enzyme to the emulsion, catalase, which has the ability dismutate hydrogen peroxide to water, preventing the denaturation of YADH and allowing continued regeneration of the necessary cofactor, NADH.
In conclusion, the results for the model P450cam are encouraging for future oxidative transformations of cyclopentenones in two-phase emulsions. We have been able to achieve higher product concentrations in the two-phase emulsions than in aqueous conditions for a hydrophobic model substrate. We have also discovered a new reaction pathway for P450cam that could create even more diversity for the future generation of cyclopentenone libraries. The effect of uncoupling and product inhibition on the efficiency of the two-phase emulsions was evident in our model system study. These limitations motivate future work to prevent the denaturation of both the P450 and the regeneration enzyme, YADH, in two-phase emulsions with non-natural substrates, particularly cyclopentenones.
Task #5
Progress has been made on two fronts: the development of new, efficient methodology for the synthesis of densely functionalized five membered carbocycles, and the use of this methodology in order to prepare libraries of compounds for pharmacological evaluation. In addition, our new methodology was applied to the synthesis of two closely related simple natural products, madindolines A and B. A brief summary and explanation of the work follows.
Tandem Alkylation-Cyclization. This is a hybrid process whereby addition of an allene nucleophile 2 to enamide 1 (Scheme 3) is followed by a second deprotonation of the allene in situ to give allenyl lithium anion 4. This species is an excellent nucleophile and it can be trapped at the g allene carbon atom as shown to provide a more complex intermediate 5. Cyclization during workup leads to the final product 6 directly. The alternative procedure for preparing 6 would involve a fairly lengthy series of discrete steps to prepare the appropriate allene. Improved Chiral Auxiliaries for the Allene Ether Nazarov Reaction. The allene ether version of the Nazarov cyclization is uniquely suited for asymmetric synthesis by means of chiral auxiliaries. We had demonstrated this early on, but since we did not understand the origins for the selectivity, we could not design improved auxiliaries. Fortunately, we discovered an exceptionally good chiral auxiliary by chance, and this illuminated the details of the process of asymmetry transfer. This is important, since it is very useful to be able to prepare compounds as single enantiomers. Typically, the useful biological activity is vested in only one of two enantiomers. Summarized below are the results that we obtained with the improved chiral auxiliary 7 that is easily prepared from commercially available D-glucal (TBS = tertbutyldimethylsilyl). As can be seen from the table, the results obtained with 7 are better, in terms of yield but especially optical purity, than the results that we had obtained with compounds 8 and 9 that we had prepared and evaluated earlier. Rationally Designed Chiral Auxiliaries for the Nazarov Cyclization. The results of Table 1 were very difficult to rationalize and to place into a consistent mechanistic framework, until we realized that the conformation of the chiral auxiliary during the stereochemistry-transmitting step was not the same as the ground state stereochemistry. This insight came from compound 7, and it made it possible for us to design a series of improved chiral auxiliaries some of which are listed below. The optical purities, expressed as enantiomeric ratios, and the yields refer to test compound 10 that we always use to calibrate our methods (see first entry in the The sense of asymmetric induction can be reversed by simply changing the streochemistry at the anomeric carbon atom (compare 19 and 21) . This makes it possible to access both enantiomeric series of products from cheap, commercially available D sugars.
Synthesis of Madindolines A and B. These are two diastereomeric Streptomyces derived natural products. They are reported to be specific IL-6 inhibitors and as such may be useful for the development of anti-cancer drugs. Since cultures of the organism no longer produce madindolines A or B, chemical synthesis is the only way to access these materials. One can think of these structures as modular, comprised of the five membered ring and the tryptophol derived fragments. We used the allene ether Nazarov cyclization to form the five membered ring, which we subsequently appended to the tryptophol fragment. This resulted in an exceptionally efficient synthesis (approx 10% overall yield). Solvent-Free Nazarov Cyclization of a-Diketones. One of the very surprising discoveries we made was that a-diketones will undergo efficient cyclization to a-hydroxycyclopentenones in the presence of silica gel and in the absence of any solvent. The reaction is catalyzed by tertiary amine bases, but these are not required in order for cyclization to take place. The reaction presumably takes place through the intermediacy of the enol. Since no solvent is used, this is also an example of Green Chemistry.
Amine-Intercepted Asymmetric Nazarov Cyclization. The silica gel catalyzed process described above led us to design the general process that is outlined in Scheme 2. Briefly, the addition of propargyl lithium 22 (TIPS = triisopropylsilyl) to enamide 23 leads to labile ketone 24 after workup. The Camphor-derived chiral auxiliary is incorporated into the ketone, and is used to control the absolute streochemical course of the cyclization, which takes place on Florisil. Although silica gel also catalyzes the process, Florisil proved to be a superior solid support in this case. The reaction is performed in the presence of a nucleophilic primary or secondary amine, in the case of Scheme 2, phenethylamine. Isomerization of 24 to allenyl ketone 25 presumably precedes cyclization through a conrotatory process to give cationic intermediate 26 that is intercepted by the amine to produce a-aminocyclopentenone 27 in 67% overall yield from 24 as a single optically pure diastereomer. 
86%
The process is general, and it even works intramolecularly when the nucleophilic amine is incorporated into the structure of the ketone. This cascade process generates a great deal of structural complexity in a single step, and leads to single enantiomers after cleavage of the chiral auxiliary. Cleavage of the TIPS group also takes place in very high yield. This process has potential for the synthesis of diverse alkaloids.
KEY RESEARCH ACCOMPLISHMENTS OF THIS REPORTING PERIOD
Cyclopentenone libraries were screened for cytotoxicity against the breast cancer cell line MCF7 using a novel high-throughput 3D cell-culture chip.
Select cyclopentenones were investigated further by screening them for cytotoxicity against both cancerous and normal breast cells, and for inhibitory activity against cytochrome P450s. New, efficient methodology was developed for the synthesis of densely functionalized five membered carbocycles.
This methodology was used to prepare libraries of compounds for pharmacological evaluation.
Two closely related simple natural products, madindolines A and B, were synthesized.
A two-phase reaction system was optimized for oxidative biotransformations of hydrophobic compounds (e.g., cyclopentenones) using P450cam and camphor oxidation as a model reaction system. 
CONCLUSIONS
We have made further progress toward preparing lead compounds for new anticancer drugs from a novel class of starting materials containing the cyclopentenone scaffold. Two diastereomeric natural-product IL-6 inhibitors, madindolines A or B, were also prepared via an exceptionally efficient synthesis. The new cyclopentenones comprise a library of complex, polyfunctional organic molecules of unprecedented structure. The most important class of enzymes for biocatalytic amplification of these compounds is the cytochrome P450s. We have developed and optimized new reaction systems (e.g., surfactant-stabilized two-phase emulsions) that will expand the synthetic utility of cytochrome P450s and render them much more effective catalysts for structural elaboration of the chemically synthesized compounds. We also used a novel 3D cell-culture chip to screen cyclopentenone libraries for inhibitory activity toward cytochrome P450s and for cytotoxicity against cancerous breast cells. The toxicities of select cyclopentenones were investigated further by screening against both cancerous and normal breast cells. These screens revealed structural differences in the cyclopentenones responsible for variations in their toxicity toward cancerous cells, and for greater toxicity toward normal versus cancerous cells. Combining combinatorial synthesis with biocatalytic amplification of chemical libraries is a new approach to drug discovery, which we are applying to a promising but largely unexplored class of compounds. 
